modulates the functional properties of monocytes/macrophages, and we investigated the effects of IL-4 on IDO. We showed that IL-4 inhibited the induction of ID0 rnRNA and NDOLEAMINE 2,3-dioxygenase ( I D O ) is a flavin-dependent enzyme that uses superoxide anion to catalize the degradation of tryptophan and other indole derivatives, such as 5-hydroxytryptophan, tryptamine, and serotonin to kynurenine.' This enzyme is found in all tissues examined so far and is inducible preferentially by interferons (IFNs) and IFN-inducers such as lipopolysaccharide (LPS) and viruses.' The induction of ID0 has been associated with the antiproliferative activity of IFNy on tumor cells,3 antimicrobial effects of IFNy on pathogens such as Toxoplasma gondii and Clamydia p~ittaci.~*' Human peripheral blood mononuclear cells (PBMCs) express I D 0 after in vitro stimulation with IFNy, a, and p" and they are the main source of ID0 activity in response to IFNy. Thus, I D 0 can be considered an IFNy-inducible gene that mediates some of the IFNy biologic activities.
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Interleukin-4 (IL-4) is a cytokine that exerts a dual role on mononuclear phagocytes. IL-4 can downregulate the activation of mononuclear phagocyte^'.^ and antagonize IFNyand IL-2-induced responses including the production of IL-1, IL-6, tumor necrosis factor CY (TNFcY),~"' hydrogen peroxide production, and antileishmanial activity." However, IL-4 can also stimulate monocytic functions. For example, IL-4 can induce antigen presentation, expression of major histocompatibility complex class 11'32'4 and CD23," and production of G-CSF, M-CSFI6 and the C2 complement protein. 17 We were interested in exploring the potential control exerted by IL-4 on ID0 expression/activity in human monocytes to determine whether ID0 expression could be ID0 activity by IFNy in human monocytes. The inhibitory effect was evident with as little as 2 U/mL of IL-4. These results provide the first evidence that a cytokine can provide a negative signal for ID0 expression and that IL-4 can influence the catabolism of tryptophan. This is a US government work. There are no restrictions on its use.
under immunologic control. We show that IL-4 is a potent inhibitor of 1FN-y-induced I D 0 activity, suggesting that IL-4 can play an important role in controlling the catabolism of tryptophan.
MATERIALS AND METHODS
Cell culture. Monocytes were purified from PBMCs by centrifugal elutriation as described elsewhere." The punty of the monocyte preparation used in these study was 93% ? 3% as assessed by morphology on Giemsa-stained cytocentrifuge preparations and flow cytometry using the monocyte-specific monoclonal antibody LeuM3. Cells were cuhured in RPM1 1640 (Advanced Biotecnology, Inc, Columbia, MD), containing penicillin 100 U/mL, streptomycin 100 pg/mL, L-glutamine 2 mmol/L, HEPES 20 mmol/L (GIBCO, Grand Island, NY), and 10% heat-inactivated fetal bovine serum (HyClone Lab, Logan, UT).
Human recombinant (r) IFNy (lot NN9027AX, specific activity 2.02 X IO' U/mg) was kindly provided by Dr H.M. Shepard (Genentech Labs, San Francisco, CA). Human rIL-4 was obtained from PeproTech (Rocky Hill, NJ). Endotoxin levels were less than 12 pg/ mL in all reagents and media used.
Northern blot analysis. For RNA extraction, 5 X IO' monocytes were plated in 25 mL medium alone or supplemented with the indicated cytokines. Cells were lysed in guanidinium isothiocyanate and total RNA was isolated by sedimentation through a CsCl gradient as described." Twenty micrograms of total RNA were electrophoresed in denaturing conditions, blotted onto Nytran membranes (Schleicher & Schuell Inc, Keene, NH), and hybridized as described elsewhere.'' For I D 0 detection, a Pst I fragment was obtained by cDNA amplification by polymerase chain reaction (PCR). Total RNA was isolated from human monocytes treated with IFNy by the guanidinium thiocyanate-cesium chloride technique." The RNA was reverse transcribed and the resulting first-strand cDNA was amplified by PCR." For this purpose, PCR primers 5' CCA-GAGGAGCAGACTACAAG and 5' GTTGGGTTACATTAA-CCTTC were synthesized based on the I D 0 cDNA sequence.2' The resulting PCR product was digested with Pst I. The fragment was ligated in the pBluescript vector and sequenced by the dideoxy chain termination method." All filters were subsequently rehybridized with a probe specific for G3PDH to ensure that equal amounts of RNA were loaded in each lane. G3PDH probe was purchased from Clontech (Palo Alto, CA).
Assay of I D 0 activity. L-tryptophan and L-kynurenine were measured using high performance liquid chromatography (HPLC). Samples were prepared by mixing 100 pL of human monocyte supernatants with 200 pL of glacial acetic acid and 1.25 mL of acetonitrile. The samples were centrifuged at 15,OOOg for 10 minutes at room temperature. The deproteinated supernatants were dried in a speed vac centrifuge at 45'C, resuspended in 200 pL of water, and dried a second time to remove excess acetic acid. The samples were then resuspended in 200 pL of water and filtered. One-hundred microliters of prepared sample were injected into a 4.6 X 250-mm YMC18 ODs-AQ column (YMC, Moms Plains, NJ) and eluted with 100% buffer A ( 1 0 0 mmol/L H3W4) for 4 minutes followed by 
RESULTS
To evaluate the effects of IL-4 on the IFNy-induced expression of ID0 mRNA, monocytes were cultured for 18 hours with medium alone or supplemented with lFNy (500 U/mL), IL-4 (100 U/mL) or lFNy plus IL-4. Activation of monocytes to a cytotoxic stage and peak of gene expression was previously observed'*.*' at a concentration of 500 U/ mLof IFNy. As shown in Fig IA, ID0 mRNA was not constitutively expressed in untreated human monocytes but an approximately 2-kb ID0 mRNA could be induced by treatment with IFNy. Minor high molecular-weight forms were also detected. It is likely that they represent precursors of ID0 mRNA because they vary according to the expression of the mature form. IL-4 did not induce I D 0 mRNA and inhibited IFNy-induced ID0 mRNA. The inhibition of IFNy-induced ID0 mRNA in response to different doses of IL-4 was determined in monocytes stimulated for 18 hours with increasing concentrations of IL-4 (Fig 1 B) . As little as 2 U/mL of IL-4 was sufficient to produce a threefold to fivefold decrease in IFN-induced ID0 mRNA. Maximum decrease of about 20-fold was observed with 100 U/mL. Kinetic experiments showed that the induction of ID0 mRNA by IFNy was detectable within 3 hours and increased progressively until 18 hours after treatment. IL-4 inhibited I D 0 mRNA at every time point (Fig 2) . indicating that the inhibitory effects observed could not be accounted by a shift in the kinetics of IDO-mRNA expression. The induction of ID0 mRNA by lFNy treatment of human monocytes was associated with increased ID0 activity as measured by a re- 
DISCUSSION
We have shown that IL-4 can inhibit the induction by lFNy of ID0 mRNA and activity in human monocytes providing the first evidence of inhibitory signals controlling ID0 expression. The inhibitory effects of IL-4 were rather potent because low concentrations (as low as 2 U/mL) caused substantial inhibition of ID0 mRNA and activity. These results indicate the existence of a tight immunologic control of tryptophan metabolism by the immune system, because ID0 expression is under both positive (IFNy) and negative (IL-4) control by T-lymphocyte-derived lymphokines.
The exact role of I D 0 induction by cytokines is not defined. However, the catabolism of tryptophan that follows ID0 activation can affect host reactivity at several levels. (lanes 1,4.  7,101. IFNr (500 U/mL) (lanes 2,5,8,11) , or IFNr (500 U/mL) plus IL-4 ( 1 00 U/mL) (lanes 3 , 6 , 9 , 1 2 ) for the length of time specified in the figure. Total cellular RNA was examined for IDO-mRNA (top panel) expression as described in Materials and Methods. The same filter was subsequently rehybridized with a probe specific for G3PDH to ensure G3PDH 6 8 9 10 11 12 that equal amountsof RNAwereloaded.
potential24; 3-hydroxyanthranilic-acid and hydroxy-kynurenine are powerful antioxidant^^^; picolinic acid, an end product of tryptophan metabolism, synergizes with IFNy in inducing tumoricidal activity in murine macrophages.26 ID0 may have important effects within the central nervous system because key metabolites in the kynurenine pathway are neuroactive. Immunostimulation causes increases in I D 0 activity and quinolinic acid levels in brain and cerebrospinal fluid in rodents and primate experimental models.27 Furthermore, increased levels of quinolinic acid were found in the cerebrospinal fluid of patients infected with human immunodeficiency virus, particularly in patients with neurologic deficits and the acquired immune deficiency syndrome (AIDS) dementia complex.28 Tryptophan catabolites can be shown in vivo under pathologic conditions, in response to cytokine administration and inflammatory stimuli in human and in experimental murine ~y s t e m s .~~-~~ Decreased levels of circulating tryptophan attributed to increased tryptophan degradation were reported in patients with tumors29 and in AIDS patients." Collectively these observations indicate that tryptophan catabo- 
